Microcrystalline silicon (µc-Si:H) of truly intrinsic character can be deposited by plasma- by over a factor of two. Sub-bandgap absorption spectroscopy indicates a low defect density.
Introduction
Microcrystalline silicon (µc-Si:H) is a form of thin-film silicon which is of growing interest for device applications. P-i-n solar cells incorporating µc-Si:H as the absorbing layer produce high photo-current and are stable against light-soaking 1-3 . Thin-film transistors (TFTs) with µc-Si:H channel layers have higher on-currents than amorphous silicon TFTs 4-6 .
µc-Si:H is deposited at substrate temperatures of 200-300ºC from highly H 2 diluted silane (SiH 4 ) by PECVD. Because of oxygen contamination 7,8 µc-Si:H is strongly n-type when deposited without special precautions. These donors reduce the electric field in part of the i-layer in a solar cell and thereby reduce the photocurrent collection efficiency. In a TFT, the unwanted oxygen doping causes undesirably high off-currents.
The oxygen donors can be compensated with boron at the ppm level ("microdoping" 1,9,10 ).
The need to tailor the boron doping to the case-by-case oxygen contamination and to control the doping within a very narrow window renders this method unsuitable for industrial practice. Truly intrinsic µc-Si:H has been obtained recently by purifying the gas with an oxygen getter and by carefully controlling the reactor condition 8 . A more robust deposition process which does not require additional equipment would be desirable for the production of µc-Si:H on an industrial scale.
In the present paper, we present a method for obtaining device-grade µc-Si:H by PECVD from SiH 4 and SiH 2 Cl 2 diluted in H 2 . Intrinsic material is deposited without any further measure and the growth process is very tolerant to changes in reactor conditions. Microcrystalline silicon using SiH 2 Cl 2 as a precursor gas has been deposited at several laboratories 11-13 , however without focussing on intrinsic material suitable for device-applications. 
Experiment
All samples were deposited from SiH 4 , SiH 2 Cl 2 and H 2 at a substrate temperature of 210ºC, unless otherwise stated. The depositions were performed in a conventional three-chamber system with load-lock using DC plasma excitation. One sample and the solar cell were prepared using very high frequency (VHF) plasma excitation at 70 MHz at otherwise identical deposition conditions. The hydrogen dilution ratio H 2 /(SiH 4 +SiH 2 Cl 2 ) was kept constant at a value of ~35.
Pressure during deposition was 0.9 torr. No special precautions were taken concerning the state of the reactor, such as pre-baking to reduce out-gassing from the walls. After ~30 min. heating in the load-lock, the substrates were transferred to the deposition chamber, followed by deposition.
The base pressure before deposition was ~1·10 -6 torr.
σ d and σ ph were measured under vacuum using thermally evaporated Al contacts of 7.5 mm length and 0.5 mm spacing. The temperature-dependence of σ d was used to determine E act .
Photo-conductivity was measured using homogeneously absorbed light of λ = 650 nm wavelength and varying intensity; σ ph values given in the text were obtained by extrapolation to a generation rate of 10 21 cm -3 s -1 . A pronounced peak in the ultraviolet reflection spectrum at 275 nm is a reliable indication for microcrystalline material 14, 15 . We therefore measured reflection spectra between 200 and 400 nm and determined the height of the 275 nm peak as an indication of the crystallinity of the material. The optical absorption coefficient in the highenergy region was determined using UV/visible transmission spectra and following the procedure proposed by Swanepoel 16 . Sub-bandgap absorption spectra were measured using the constant photo-current method (CPM) on samples with the same contact geometry as for the conductivity measurements. The I-V curve of the solar cell was measured at ~25ºC using light of 100 mW/cm 2 intensity and a spectrum close to AM 1.5. Figure 3 features two ~500 nm thick films which are deposited using DC excitation at 210ºC and 280ºC
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and a ~750 nm thick VHF-deposited sample (210°C). The absorption spectrum of crystalline silicon is shown for comparison. The sample deposited at the higher temperature has a higher absorption coefficient for red wavelengths. The absorption coefficient in the low-energy region (~0.8 eV) of the CPM spectrum is an indication of the defect density [18] [19] [20] . The absorption coefficient at hν = 0.8 eV of the VHF-deposited sample is an order of magnitude lower than that of the DC-deposited sample. This indicates a lower defect density and correlates with σ ph , which is an order of magnitude higher for the VHF-deposited than for the DC-deposited sample. The CPM spectrum of the VHF-deposited sample is comparable to device-grade µc-Si:H deposited . An activation energy of ~0.6 eV means that the Fermi level lies close to midgap. Figure 4 shows a cross-sectional SEM micrograph of the µc-Si:H(:Cl) film deposited at R = 0.08 and using VHF plasma excitation.
Effect of chlorine on oxygen incorporation
The presence of chlorine in the plasma reduces the oxygen content of µc-Si:H. 
Solar cell
We tested our µc-Si:H(:Cl) in a solar cell with p-i-n structure (Figure 8 ). The i-layer thickness is 1.8 µm, the substrate is textured SnO 2 and the back contact is Ag which was thermally evaporated onto the n-layer, without a ZnO reflector layer in between. The solar cell shows a V oc of ~350 mV and red response up to λ = 1000 nm ( Figure 9 ). The fill factor is 55 %.
Even though the short circuit current density value of 4.14 mA/cm 2 is low, the flat reverse-bias response suggests that the photo-carrier collection in forward bias is efficient. We believe that non-optimal optical performance (TCO haze, TCO reduction during deposition, lack of back reflector) cause the low photocurrent. 
